general stress response | two-component system | histidine kinase | response regulator | ECF sigma factor I n addition to specific stress responses, many bacteria use a socalled "general stress response" (GSR) that can be induced by a number of different, unrelated stresses and that confers multiple stress resistance. In Alphaproteobacteria, the GSR is controlled by an alternative extracytoplasmic function (ECF) sigma factor, usually called σ EcfG (1) or ECF15 sigma factor (2), the activity of which is regulated by a conserved partner-switching mechanism (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In unstressed conditions, σ
EcfG is sequestered by its anti-sigma factor NepR. Upon stress, the anti-antisigma factor PhyR becomes activated and binds NepR, thereby releasing σ EcfG and allowing it to bind RNA polymerase and redirect transcription toward stress genes. Because PhyR uses a degenerate N-terminal sigma factor-like output domain to compete with σ EcfG for NepR binding, this partner switch was coined "sigma factor mimicry" (1) . The importance of the alphaproteobacterial GSR in natural environments is underlined by several studies demonstrating its requirement for survival and competitiveness in the phyllosphere in Sphingomonas melonis (10) and Methylobacterium extorquens (8) , the establishment of symbiotic interactions in Bradyrhizobium japonicum (9) , and host-pathogen interactions in Brucella (6, 11) and Bartonella (3) species.
PhyR is a member of the response regulator family and harbors a C-terminal receiver (REC) domain in addition to its N-terminal output domain. As is the case for other response regulators, the activity of PhyR is controlled by phosphorylation of a conserved Asp residue in its REC domain. Despite a rather advanced understanding of the partner switch itself (15) (16) (17) , little is known about the decisive step of GSR activation, that is, regulation of PhyR phosphorylation. As a response regulator, PhyR is expected to be part of a two-component system, or phosphorelay, working together with one or several histidine kinases that control PhyR phosphorylation upon sensing a particular stimulus. In agreement with this notion, histidine kinase-encoding genes are often found at the phyR locus [referred to as cis-encoded kinases in the following, according to Sauviac and Bruand (18) ]. These kinases are usually annotated as HWE or HisKA2 kinases based on the Pfam dimerization and histidine phosphotransferase (DHp) domain classification (19) , although this annotation does not always conform to the original definition of HWE kinases based on the HWE motif in the catalytic and ATPase (CA) domain (20) . The cisencoded kinases have only been studied in a few cases. In Caulobacter crescentus, the gene is called phyK and has been shown to be required for PhyR phosphorylation and GSR activation in vivo for the different stresses tested, with a phyK mutant virtually displaying the same phenotype and stress induction as a phyR mutant (12, 21) . In contrast, a recent study in Sinorhizobium meliloti has demonstrated a role for the cis-encoded kinase RsiC in phosphorylation of the PhyR orthologs RsiB1/RsiB2 in response to starvation and heat shock (HS) in vivo, but the rsiC mutant only partially phenocopies an rsiB1 rsiB2 mutant, and the involvement of one additional kinase, SMc00322, was proposed (18) . In other Alphaproteobacteria, no genes coding for histidine kinases are found at the phyR locus, but several HWE and/or HisKA2 kinases are encoded elsewhere in the genome (22) . For example, M. extorquens PA1 encodes 21 kinases of the HWE and/or HisKA2 type, but there is no clear indication from sequence homology or genomic context for a prime candidate as PhyR kinase (23) .
Significance
Bacteria possess many regulatory systems to monitor their environment and adapt their physiology accordingly. Whereas most systems sense one specific signal, the general stress response (GSR) is activated by many signals and protects cells against a wide range of adverse conditions. In Alphaproteobacteria, the GSR is controlled by the response regulator PhyR, but little is known about the upstream pathways. Here, we establish the GSR as a complex regulatory network composed of a particular family of partially redundant sensor kinases and of additional response regulators that modulate PhyR activity in Sphingomonas melonis. Given the broad conservation of this kinase family, it is possible that it plays a general role in the GSR in Alphaproteobacteria.
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Our previous work characterized phyP, which is located at the phyR locus in S. melonis Fr1, as a PhyR phosphatase rather than a kinase. Among other evidence, this conclusion is based on the findings that phyP is essential unless in a ΔphyR or ΔecfG background (10) , and that PhyP depletion leads to lethal overactivation of the GSR in a manner that requires the phosphorylatable Asp residue (Asp194) of PhyR (24) . Assuming that PhyP acts solely as a phosphatase, this notion implies that alternative phosphodonors for PhyR must exist.
In the present study, we describe our efforts to identify and characterize additional regulators of the PhyR cascade in S. melonis Fr1. Our results suggest that most HWE/HisKA2 kinases (collectively referred to as HRXXN kinases in the following) in S. melonis Fr1 contribute to GSR activity by directly phosphorylating PhyR. In addition, we identified several single-domain response regulators (SDRRs) that positively or negatively affect the GSR in a PhyR-dependent manner. This study thus establishes the GSR as a complex and interwoven network of twocomponent systems in S. melonis Fr1 and suggests that HRXXN kinases might play a major role in the GSR of other Alphaproteobacteria as well.
Results
Identification of a SDRR, SdrG, Involved in the GSR. To identify factors positively regulating the PhyR-NepR-σ EcfG cascade, we conducted a genetic screen, performing transposon mutagenesis on a strain expressing the dominant streptomycin-sensitive rpsL1 allele (25) under control of the σ EcfG -dependent ecfG2 promoter (10, 24) . This construct would allow selection for mutants with an impaired PhyR-NepR-σ EcfG cascade on medium containing streptomycin (details are provided in SI Materials and Methods). Because the GSR is activated in standard LB-Lennox medium (σ EcfG -dependent promoter activity of the WT compared with phyR and ecfG deletion strains is shown in Fig. 1B) , there was no need to apply particular stresses for GSR induction. Among the genes identified during the selection were both ecfG and phyR, confirming the general validity of the selection. No histidine kinase mutant was found, in line with the partial redundancy of kinases in PhyR activation (discussed below). The only other gene identified with an obvious link to signal transduction was Sphme2DRAFT_3354, which encodes a stand-alone receiver domain that will be referred to as sdrG in the following (for SDRR involved in the GSR).
To verify its involvement in the GSR, we constructed an inframe deletion of sdrG. The ΔsdrG strain was more sensitive to osmotic and oxidative stress and to HS than the WT (Fig. 1A and Fig. S1 A and B) , similar to the ecfG or phyR mutant, and this defect could be complemented by expressing the WT sdrG allele in trans (Fig. 1A) . In addition, monitoring GSR activity by use of a transcriptional fusion of the σ EcfG -dependent promoter nhaA2p to lacZ (nhaA2p-lacZ + ) showed markedly reduced activity in ΔphyR, phyR
D194A
, ΔecfG, and ΔsdrG strains compared with the WT strain (Fig. 1B) , confirming that sdrG is involved in the GSR. To place sdrG in the PhyR-NepR-σ EcfG cascade genetically, we next performed epistasis experiments. Deleting sdrG in ΔphyR, phyR D194A , or ΔecfG background had no further effect on nhaA2p-lacZ + activity compared with the parent strains (Fig. 1B) , suggesting that SdrG acts upstream or in concert with PhyR. Similar results were obtained using artificial induction of the cascade by phyR or sdrG overexpression. Although both sdrG and phyR overexpression led to increased nhaA2p-lacZ + activity in the WT background, this effect was strictly dependent on phyR in the case of sdrG overexpression, whereas phyR overexpression could partially bypass the requirement for sdrG (Fig. 1C) . We next asked whether phosphorylation of SdrG was essential for its function. We thus tested in salt stress phenotypic assays the sdrG D56A and sdrG D56E alleles encoding Ala and Glu substitutions of the putatively phosphorylatable Asp56 in SdrG, respectively, the latter of which may mimic the phosphorylated state of response regulators (e.g., ref. 26 ). Both alleles failed to complement the stress sensitivity to salt of ΔsdrG (Fig. 1A) , suggesting that phosphorylated SdrG is likely the active form and the D56E substitution in SdrG does not mimic the active form and/or that the activity of SdrG involves phosphoryl group shuttling. Finally, because SdrG apparently acts in the same pathway as PhyR, we wondered whether the essential PhyR phosphatase PhyP would be dispensable in a ΔsdrG background, similar to ecfG and phyR mutant backgrounds (10). We could not obtain sdrG phyP double mutants, suggesting that PhyR phosphatase activity is still required in a ΔsdrG background. In summary, these results suggest that SdrG is involved in the GSR by directly or indirectly modulating PhyR activity, and this activity requires phosphorylation of SdrG.
Multiple Kinases and SDRRs Contribute to GSR Activity in Vivo. Because the above results suggested that PhyR and SdrG need to be phosphorylated for proper function of the GSR and the genetic selection did not result in the identification of histidine kinases, a candidate approach was undertaken. As mentioned in the introduction, histidine kinases encoded at the phyR locus are classified by Pfam as either HWE or HisKA2 kinases (19) , with both classes showing a typical HRXXN motif in DHp helix α1 ( Fig.  2A) , a region comprising major determinants for response regulator recognition/specificity in the HisKA histidine kinase family (27, 28) . S. melonis Fr1 possesses eight HRXXN kinases (Fig. 2B ) in addition to the PhyR phosphatase PhyP, and we renamed seven of the eight kinases PhyR-activating kinase A (PakA) through PakG for reasons outlined below. These HRXXN kinases are either orphans (PakA, PakE, and PakG) or encoded in a predicted operon with or in close proximity to a gene encoding an SDRR, referred to as "cognate" response regulators in the following (PakB, PakC, PakD, and PakF) (Fig. S2A) . We named the genes encoding the cognate response regulators pkrB, pkrC, pkrD and pkrF, standing for pakB-, pakC-, pakD-and pakF-associated response regulator, respectively.
To test the involvement of kinases in the GSR, we generated single in-frame deletions. No clean deletion of pakD could be obtained despite several attempts. pakD is located on a megaplasmid, and the entire megaplasmid was apparently lost in most cases during the mutagenesis procedure when applying counterselection to select for resolution of the merodiploid. In the few cases where the second homologous recombination occurred and the megaplasmid was retained, only WT was recovered. A clean pakD mutation also could not be obtained when pakD was covered in trans or when we attempted to delete it together with its adjacent response regulator pkrD, for which also no clean deletion mutant could be recovered. It is not clear at the moment whether pakD is truly essential, because it would imply that its essentiality depended on some cis-acting factor(s) on the megaplasmid, or whether the failure of getting these mutants merely represents a technical issue.
The pak mutants were tested for a defect in GSR activity using the nepRp-lacZ + reporter fusion, a reporter of GSR activity comparable to the nhaA2p-lacZ + fusion. Strains were grown in LB-Lennox medium without applying a particular stress, because GSR activity was already high under these conditions (compare the WT with the phyR mutant in Fig. 2C , also Fig. 1B) . None of the single pak mutants showed robust reduction in GSR activity (Fig. 2C ). Because kinases might be redundant, we then constructed multiple kinase mutants by consecutively deleting pak genes. Here, a progressive reduction in GSR activity was observed as pak genes were successively deleted ( Fig. 2D ), suggesting that multiple kinases regulate the GSR. No decrease in β-gal activity was seen for a control transcriptional fusion (rpmBp-lacZ + ) in which lacZ was under control of the σ EcfG -independent rpmB promoter ( Fig. S2C ). When tested in phenotypic assays, the sextuple mutant showed increased sensitivity to osmotic and oxidative stress ( Fig. 2E ) and HS ( Fig. 2F ) compared with the WT, corroborating the idea that Paks are important for the GSR. Also in agreement with a role of Paks in the GSR, we were able to delete phyP in the sextuple or septuple kinase mutant backgrounds. Because the PhyR phosphatase PhyP is essential in a WT background preventing lethal hyperphosphorylation of PhyR (10, 24) , the successful deletion of phyP suggested that a major source of PhyR phosphorylation is absent in these genetic backgrounds. However, because the GSR activity in the sextuple or septuple kinase mutants was still substantially higher than in a phyR mutant ( Fig. 2 C and D) and the phyR mutant was more sensitive than the sextuple mutant in phenotypic stress assays ( Fig. 2 E and F) , other phosphodonors for PhyR in these backgrounds likely exist, with one obvious candidate being pakD.
Similarly, we constructed single and multiple mutants of cognate response regulators (pkrB, pkrC, and pkrF) and tested their involvement in the GSR using the nhaA2p-lacZ + fusion. As for pakD itself, we were not able to obtain deletion of its cognate response regulator-encoding gene pkrD. For pkrC and pkrF mutants, in contrast to the sdrG mutant, GSR activity was not reduced, but rather increased, in the single mutants (Fig. 2G ). The effect of pkrC and pkrF deletion on GSR activity was additive in the corresponding double mutant (Fig. 2G ). For pkrB, no significant difference was observed in the single mutant or in the pkrB pkrC pkrF triple mutant compared with the ΔpkrC ΔpkrF background (Fig. 2G ). The increased GSR activity in the ΔpkrC ΔpkrF ΔpkrB background was entirely dependent on PhyR and SdrG (Fig. 2G) . Furthermore, the effect on GSR activity in pkrC and pkrF single mutants also depended on their cognate kinases, PakC and PakF, respectively (Fig. 2G ). These results suggest that the cognate response regulators PkrC and PkrF are negative regulators of the GSR acting upstream of PhyR, SdrG, and their cognate kinases, perhaps by competing with PhyR and/or SdrG for phosphorylation (results are discussed below and in Discussion). In agreement, single-and multipledeletion mutants showed the same or even slightly increased resistance to osmotic, oxidative, and thermal stress when tested in phenotypic assays compared with the WT (Fig. S1 C and D) . In conclusion, our data suggest that several HRXXN kinases are positive regulators of the GSR, whereas at least two of the cognate response regulators are negative regulators.
HRXXN Kinases Activate the GSR in a PhyR-Dependent Fashion. Although there was a clear difference in GSR activity between the WT and the septuple kinase mutant (Fig. 2D) , it was not evident whether all kinases or only some were involved in the GSR. To address this question, we individually overexpressed kinases from the cumate-inducible promoter P Q5 (24) in the WT background carrying the nhaA2p-lacZ + fusion; to follow protein levels by Western blotting, kinases were fused C-terminally to SYFP2, a GFP derivative. Overexpression of all pak genes (i.e., pakA to pakG) activated the GSR threefold to fivefold, whereas overproduction of the remaining HRXXN kinase (Sphme2-DRAFT_2368), an unrelated NtrB-like kinase from S. melonis Fr1 (Sphme2DRAFT_3203), or SYFP2 alone failed to do so (Fig. 3A) . As expected, no change in expression of the rpmBplacZ + control fusion was observed when kinases were overexpressed (Fig. S3A) . To exclude the possibility that GSR activation was simply a result of proteotoxic stress upon overexpression, we also tested whether activity of kinases was required for GSR activation by overexpressing histidine kinases that carried Ala substitutions of the predicted phosphorylatable His residue. None of these mutant kinases caused activation of the GSR (Fig. 3A) , suggesting that phosphorylation of kinases and, as a consequence, their target(s) is required. We next examined whether GSR activation by kinase overexpression requires PhyR or SdrG. No GSR activation was seen in a phyR mutant (Fig. 3B) , indicating that kinases do not act in parallel to, but upstream of, phyR. In the ΔsdrG background, pakA through pakD were able to activate the GSR to a similar extent as in the WT background, whereas GSR activation by pakE, pakF, and pakG was diminished, albeit still observable (Fig. 3C) . In each case, the reduction/lack of GSR activation in the different backgrounds or with the pak mutant alleles was not due to reduced expression levels of kinases, as verified by Western blotting (Fig. S3 B and C) . These data suggest that Sphme2DRAFT_2368 is the only HRXXN kinase that cannot activate the GSR when overproduced, although we cannot exclude the possibility that the SYFP2-kinase fusion is nonfunctional. In this respect, we note that when using bacterial twohybrid assays, in contrast to the other kinases, we did not observe homodimer formation for Sphme2DRAFT_2368 (Fig. S4C) .
Altogether, these results indicate that overexpression of seven of the eight HRXXN kinases in S. melonis Fr1 allows GSR activation in a strictly PhyR-dependent way. Our data further suggest that different kinases depend on SdrG to different extents.
HRXXN Kinases Phosphorylate PhyR and SdrG in Vitro. A simple explanation for the kinases' different dependencies on SdrG in GSR activation (Fig. 3C) would be that some kinases (PakAPakD) directly phosphorylated PhyR, whereas others (PakEPakG) preferentially phosphorylated SdrG, possibly being the first step in a His-Asp phosphorelay resulting in PhyR phosphorylation. We thus sought to test phosphotransfer of Paks to PhyR and SdrG directly in vitro. We were able to obtain soluble versions active in autophosphorylation of all Paks, except PakD. When phosphotransfer to PhyR was tested, all kinases appeared to be inefficient phosphodonors to PhyR after 30 s of incubation (Fig. 4) . Because there is circumstantial evidence that in the absence of NepR, PhyR is either inefficiently phosphorylated or PhyR∼P is rapidly hydrolyzed to its unphosphorylated form ( Fig.  S4 A and B) , we also tested phosphotransfer to PhyR in the presence of NepR. When NepR was included in phosphotransfer reactions, the signal of the band representing phosphorylated PhyR was markedly enhanced (Fig. 4) . This effect was not due to inhibition of PhyR∼P dephosphorylation by NepR but to increased phosphotransfer from the kinases to PhyR, as evidenced by the depletion of the radiolabel from the kinases in reactions containing NepR (e.g., compare lanes 2 and 3 for PakB in Fig. 4) . Although the mechanistic basis of this phenomenon is unknown, these results suggest that NepR enhances PhyR phosphorylation in vitro. In addition to phosphorylating PhyR in presence of NepR, all kinases were able to phosphorylate SdrG after 30 s, and addition of NepR to the reactions had no effect here (Fig. 4) . To test whether the kinases preferred one substrate over the other, we performed competition experiments in which the reaction mixtures contained NepR and equimolar amounts of PhyR and SdrG. No clear preference could be observed except for PakA and PakC toward SdrG and PakB toward PhyR. Notably, there was no correlation between the in vitro preference of a kinase for SdrG or PhyR and the dependence of this same kinase on SdrG for GSR activation when overexpressed in vivo (Fig. 3C) , suggesting that a simple model of specific PhyR and SdrG kinases was probably not true. Because these results were unexpected, we wondered whether some kinases might form heteromers, which could explain the differences between in vivo and in vitro data. Bacterial two-hybrid assays, however, revealed that kinases only formed homomers (Fig. S4C) .
Thus, although the in vitro conditions do not recapitulate the intracellular environment and preferences might be different in vivo, our results demonstrate that all kinases phosphorylate both PhyR and SdrG on a time scale that is generally considered to represent true histidine kinase-response regulator pairs in vivo (29, 30) . Importantly, these results, together with the in vivo overexpression experiments (Figs. 1C and 3C ) and the essentiality of phyP in the ΔsdrG background, also suggest that PhyR and SdrG are unlikely to act in a strictly linear pathway, such as a phosphorelay, and that SdrG probably does not simply act as a phosphoshuttle for PhyR phosphorylation.
Multiple Kinases Sense Distinct Stresses. Having identified several PhyR and SdrG kinases, we next wondered whether they are involved in sensing specific signals or stresses. Because it was not possible to activate the GSR further applying several different stresses in standard LB-Lennox medium, we tested different alternative media for decreased basal GSR activity. It was found that the WT strain grown in 1% tryptone broth (TB) displayed a fourfold reduction of nhaA2p-lacZ + activity compared with the same strain grown in LB-Lennox medium, and that several stress conditions could induce the GSR twofold to threefold, including a shift to 37°C (HS), ethanol (EtOH), salt (NaCl), and the organic peroxide t-butyl hydroperoxide (TBHP) (Fig. 5A and Fig.  S5A ). To test the involvement of Paks in response to these stresses, multiple pak mutants, rather than single pak mutants, were first tested because of the possibility of functional redundancy. Because the basal nhaA2p-lacZ + activity of multiple pak mutants was already reduced compared with the WT (Fig.  S5A) , similar to what was observed in LB-Lennox medium (Fig.  2D) , the difference in activation ("nhaA2p-lacZ + activity with stress" − "nhaA2p-lacZ + activity without stress") relative to the WT ["relative stress activation" (RSA)] rather than the absolute nhaA2p-lacZ + activity was compared. The same approach (measurement of RSA) has been used before in the Bacillus subtilis GSR to discriminate between the contribution of sensory proteins to the basal activity level and their roles in stress activation (31, 32) . As shown in Fig. 5B , stress activation was completely abolished in a phyR mutant for all stresses tested and greatly reduced (for NaCl and HS) or completely eliminated (EtOH and TBHP) in an sdrG mutant, confirming their central roles in the GSR. Sharp declines in RSA of a particular multiple mutant compared with its parent strain allowed us to propose major contributions for several kinases in stress sensing. In brief, the results (Fig. 5B) suggested roles for PakC and PakF in HS sensing, for PakB in TBHP sensing, and for PakF in NaCl sensing, whereas no clearcut role for any individual kinase in EtOH sensing was evident. To delineate the individual contribution of the different Paks in stress activation and to test for redundancy, we next measured stress activation in single pakB, pakC, and pakF mutants and the three possible double mutants ( Fig. 5C and Fig. S5B) . Here, the strains showing the lowest RSA were ΔpakCF for HS, ΔpakF for salt stress, and ΔpakBC in case of TBHP stress, confirming the results obtained with the multiple mutants. However, it was also evident that besides the major kinases responsible for GSR activation in a given stress condition, other kinases contributed to the response in a minor way that was (partially) masked in the presence of the major kinases. For example, the ΔpakF strain showed no RSA reduction in response to TBHP, whereas when the pakF mutation was combined with a mutation in either one of the major kinases (strains ΔpakBF and ΔpakCF), RSA was reduced compared with the pakB and pakC single mutants. In addition, the results indicated different degrees of redundancy of kinases: For HS, the single pakC and pakF mutants already showed reduced RSA (50%) and this effect was additive (7% RSA), whereas for TBHP, the presence of either pakB or pakC was sufficient to activate the response almost fully and only the corresponding double mutant showed a drastic reduction in RSA (13%). We next tested the single and double mutants in phenotypic stress assays. Here, PakB and PakC, the two major kinases for activation by TBHP, were also required for resistance to this organic peroxide (Fig. 5D ). For salt stress, all mutants were more sensitive than the WT, with the pakF mutant and the three double mutants exhibiting the highest sensitivity. These strains were, however, not as sensitive as the Δ6 strain was, indicating a contribution of the other kinases to resistance to salt. For HS, no decrease in viability was observed when strains were incubated up to 2 h at 37°C (Fig. S5C) , the conditions used to measure β-gal activity. We thus tested our standard HS condition (46°C). Note that it was not possible to check activation of the response at 46°C, because β-gal was apparently inactivated at this temperature. When shifted to 46°C, all single and double mutants showed decreased viability, with the ΔpakBC strain showing the strongest phenotype, although the strain was still more resistant than the phyR mutant (Fig. S5D) . Given that the ΔpakBC strain shows the strongest phenotypes, one possibility is that the same signals are produced during severe HS (46°C) and exposure to TBHP, which, in turn, are different from the signals generated at 37°C. In summary, depending on the stressor considered, resistance is conferred by the kinases that are activated by this stress (TBHP) or by the full complement of kinases (salt), with contribution of the basal level provided by the other "nonsensing" kinases. Because noninducing conditions are currently not known, if they exist at all, basal vs. inducible contributions of kinases to stress resistance could not be assessed.
In conclusion, these experiments clearly demonstrate that kinases are not fully redundant but, instead, are able to respond to varying degrees to different stresses. Hence, the GSR monitors a range of different signals through different kinases and integrates this information through PhyR to adjust pathway output.
Discussion
In the present study, we identified a complex signal transduction network regulating the GSR in S. melonis Fr1. In the current model (Fig. 6) , PhyR phosphorylation is controlled by seven cytoplasmic histidine kinases (Paks) and the previously identified transmembrane phosphatase PhyP. Paks also phosphorylate the SDRR SdrG, which plays a central role in the GSR as a positive regulator upstream of PhyR. Finally, additional SDRRs negatively affect the GSR in a way that requires their cognate kinases.
Stress Sensing by Paks. For three kinases, activating conditions could be identified, namely, thermal, oxidative, and/or osmotic stress. Given the fact that kinases responding to the same stress possess different sensor domains (Fig. S2B) , and that one kinase can respond to at least two different stresses, we speculate that stresses are sensed indirectly, through stress-induced molecular cues. Hence, it is conceivable that a particular stress leads to multiple molecular cues that can each be sensed by one kinase and, in turn, different stresses can produce a common molecular cue. On the other hand, some kinases possess multiple sensor domains, suggesting that they might also be able to sense several unrelated signals, or that multiple signals are necessary for activation. Indeed, PakD, PakB, and PakA all possess multiple PAS and/or GAF domains. Because of low sequence identity among these domain classes, it is generally not possible to predict the actual signal sensed by PAS or GAF domains (33) (34) (35) , and the presence of multiple domains complicates the picture. Another kinase, PakG, does not harbor any domains other than the DHp and CA domains of the catalytic core, suggesting that it might be the protein level of PakG that is regulated in response to stress or that its activity might be regulated by an accessory protein. A future challenge will be to identify activating conditions for the other Paks (and PhyP) and the nature of signals specifically recognized by each sensor.
Role of SDRRs in the GSR. Regarding the role of SdrG in the signal transduction pathway leading to GSR activation, our data indicate that SdrG acts upstream or at the level of PhyR. This finding would be in agreement with a model in which SdrG is part of a phosphorelay eventually resulting in PhyR phosphorylation. However, the observation that all kinases tested efficiently phosphorylated both SdrG and PhyR in vitro and that the requirement of SdrG for GSR induction in vivo can be bypassed by either PhyR or Pak overexpression is not in agreement with this model. In addition, whereas mutations in phyP, which encodes the essential PhyR phosphatase PhyP, are readily obtained in a ΔphyR background (10), we were unable to obtain phyP mutants in the ΔsdrG background. This result indicates that a substantial amount of PhyR is phosphorylated in the sdrG mutant and argues against a model in which PhyR phosphorylation is controlled by SdrG through a strictly linear phosphorelay.
An alternative model for SdrG function is the modulation of histidine kinase activity, as was proposed for DivK (36) of C. crescentus (37) . In such a model, upon sensing a specific stimulus, a particular kinase would phosphorylate both SdrG and PhyR, and phosphorylated SdrG would further stimulate the autophosphorylation activity of the same and/or other kinases, which would result in even more PhyR∼P and SdrG∼P. Similarly (or alternatively), SdrG∼P could switch off or reduce the phosphatase activity of PhyP toward PhyR∼P, also resulting in elevated PhyR∼P levels. In this positive feedback loop, SdrG would play the role of an amplifier of the response. Another possible role of SdrG is at the level of the partner switch itself, where SdrG might be required during PhyR phosphorylation and/or NepR binding to PhyR∼P in vivo. This possible function might also relate to the observation that NepR stimulates PhyR phosphorylation in vitro (Fig. 4) , which is perhaps due to a cooperative effect of PhyR phosphorylation and NepR binding. It is thus conceivable that SdrG facilitates or stabilizes PhyR phosphorylation upon stress activation during the time that NepR is still bound to σ EcfG . If this were the case, however, SdrG would likely do so indirectly, because no stimulatory effect of SdrG on PhyR phosphorylation could be observed in vitro (Fig. 4) . Regardless of the exact mechanism of its function, SdrG appears to have a similarly central role to the GSR as PhyR under physiological conditions, because a ΔsdrG strain is impaired in stress resistance (Fig. 1A and Fig. S1 ) and sensing of various stresses (Fig. 5) . Putative SdrG orthologs are found in other Alphaproteobacteria, and, interestingly, a previous genetic study in M. extorquens PA1 showed that its SdrG ortholog, encoded by Mext_0407, is similarly involved in the GSR (23) . These observations suggest that SdrG might be central to the GSR in several Alphaproteobacteria.
Based on kinase in vivo overexpression data (Fig. 3C ), dependencies on SdrG seem different for kinases but do not correlate with the in vitro preference of kinases for SdrG and PhyR in terms of phosphorylation. Currently, we do not have a simple explanation reconciling these results. We initially speculated that, in vivo, kinases might form heteromers that would show different preferences for SdrG and PhyR compared with the homomers used in in vitro phosphotransfer reactions. Because bacterial two-hybrid experiments showed only homomer formation among kinases, we did not pursue this possibility, although we cannot exclude that heterodimerization might happen in vivo. The actual preferences in vivo might be different from what was observed in vitro due to the involvement of additional proteins or factors that, for example, modulate the kinases' preferences for SdrG and PhyR or spatially restrict interactions between kinases and substrates.
Some of the cognate SDRRs were shown to affect the GSR negatively (Fig. 2G) . One obvious explanation is that they compete with SdrG and PhyR for phosphorylation by their cognate kinase. A possible role for these response regulators could be as a dedicated phosphate sink. Alternatively, they might act in a parallel, PhyR-independent pathway, allowing coregulation of the GSR and another response. In C. crescentus, based on genetic experiments, the SDRR LovR has been proposed to regulate PhyR activity negatively by functioning as a phosphate sink, together with its cognate kinase LovK (21) . In addition, LovK controls cell adhesion by an unknown mechanism (38) , but independent of the σ EcfG ortholog, SigT (39) . Although the physiological relevance was not explored, these data suggest that both functions might coexist. Such an organization to coordinate different physiological responses is poorly documented and distinct from the paradigm of insulated two-component systems (40, 41) but might have regulatory advantages in the case of the GSR. Clearly, more work is needed to clarify the mechanisms by which SdrG and the cognate response regulators influence the GSR and to understand their physiological implications.
Conservation of the Role of HRXXN Kinases in the GSR of Alphaproteobacteria. All histidine kinases encoded at the phyR locus carry the HRXXN motif in their DHp domain. Like S. melonis Fr1, most Alphaproteobacteria also possess additional HRXXN kinases encoded elsewhere in their genomes, and the question arises as to whether these kinases also play a role in the GSR in other Alphaproteobacteria. Although this possibility was not explored systematically in another organism, recent data indeed suggest links to the PhyR cascade for some of these kinases. In C. crescentus, in addition to PhyK, which is responsible for sensing several activating cues (12) , another kinase, LovK, was implicated as a negative regulator of the PhyR cascade (21) . In S. meliloti, a recent genetic study (18) has found both positive and negative effects of the cis-encoded kinases RsiC on GSR activity in different conditions, leading the authors of that study to propose a bifunctional role of RsiC as kinase/phosphatase of PhyR. The deletion of another HRXXN kinase, SMc00322, shows a synthetic phenotype with the rsiC mutation in GSR induction by thermal stress. This observation is similar to our results for GSR induction in response to TBHP stress, for which only the pakBC double mutant, but not the pakB and pakC single mutants, showed a strongly reduced response. Interestingly, in S. meliloti, Sauviac and Bruand (18) also observed that although the rsiC SMc00322 double mutant fails to induce the GSR in response to thermal stress, it still responds to GSR induction in the stationary phase, another GSR-inducing condition in this organism. These observations are in agreement with the existence of other regulators of the GSR in S. meliloti, with one or more of the six remaining HRXXN kinases possibly being responsible for this phenotype. For Erythrobacter litoralis, a recent in vitro study using phosphotransfer profiling identified PhyR and another SDRR (the ortholog of LovR and PkrB) as substrates of the HRXXN kinases EL368 and EL346 (42) . However, the involvement of these two kinases, or the PhyR-NepR-σ EcfG core cascade itself, in the GSR has not yet been studied in E. litoralis. Finally, the phylogenetic distribution of PhyR and HRXXN kinases also supports a general link between these regulators. The PhyR cascade is exclusively present in Alphaproteobacteria, and members of the HWE and HisKA2 kinase families, for both of which the HRXXN motif in the DHp domain is diagnostic, are primarily associated with Alphaproteobacteria (20, 22) , with their presence in other bacterial groups likely being the result of horizontal gene transfer. Notably, the few Alphaproteobacteria that have lost PhyR, NepR, and σ EcfG also lack HRXXN kinases (Table S1 ). One example is Magnetococcus marinus MC-1, which has a genome size of 4.7 Mbp and encodes 172 genes with predicted functions in two-component system signal transduction (43) . This observation suggests that there is a correlation between the presence of PhyR and HRXXN kinases that is not simply due to genome reduction or a small repertoire of twocomponent systems. Taken together, it thus seems reasonable to assume that, besides S. melonis Fr1, other Alphaproteobacteria also possess several HRXXN kinases/phosphatases that converge to PhyR to control the GSR.
In our study, however, we found no induction of the GSR upon overexpression of the HRXXN kinase Sphme2DRAFT_ 2368 in vivo, and in another study in E. litoralis, the HRXXN kinase EL_362 did not phosphorylate PhyR in vitro (42), suggesting that not all HRXXN kinases are PhyR kinases. In yet other studies, the role of HRXXN kinases in cellular processes other than the GSR has been demonstrated (44) (45) (46) , although, at the same time, their involvement in the GSR has not been assessed, and thus cannot be excluded at this time. For example, in Rhizobium leguminosarum, the orphan HRXXN kinase R-LOV-HK (pLR110320) regulates light-dependent cell attachment, exopolysaccharide production, and nodulation, but the response regulator presumably mediating this response was not identified and the involvement of PhyR in these phenotypes has not been studied (44) . In another example, the HRXXN kinase SMa0113 of S. meliloti was shown to regulate both succinatemediated catabolite repression (SMCR) and polyhydroxybutyrate (PHB) production, but its cognate SDRR, SMa0114, seems dispensable for SMCR regulation and plays a noncanonical role in PHB production. It has been proposed that SMa0113 might mediate these responses through a yet-unidentified response regulator and that SMa0114 would modulate (possibly inhibit) SMa0113 activity (45) . This model is somehow reminiscent of the negative roles of the SDRRs on their cognate kinases in activation of the GSR in S. melonis Fr1 (Fig. 2G) . Finally, as discussed above, LovK of C. crescentus is proposed to serve a dual role in GSR regulation and cell adhesion (21, 38, 39) . Thus, it might be possible that other HRXXN kinases function with PhyR and a second response regulator in branched pathways. More experimental data are needed on HRXXN kinases to identify additional characteristics besides the HRXXN motif that would dictate substrate specificity and qualify them as PhyR kinases/phosphatases.
Conclusion
The signal transduction system leading to PhyR phosphorylation in S. melonis Fr1, and possible other Alphaproteobacteria, represents one of the few examples of complex two-component system networks. Compared with prototypical two-component systems, it seems reasonable that the GSR has evolved to respond to many different signals (through kinases) while maintaining a common output (through PhyR). Thus, duplication of kinases and diversification of the sensory part without changes in response regulator substrate specificity would allow a particular organism to expand the range of signals sensed and enable niche adaptation. Indeed, it has been noted before, based on phylogenetic analyses, that HWE kinases are rapidly evolving with respect to their sensor domains (20) . In such a scenario, the driving forces shaping evolution of two-component signaling in the GSR would be clearly different from the driving forces thought to dictate the evolution of paralogous histidine kinase-response regulator pairs, which results in pathway insulation (47, 48) . It will be interesting to see if and how the repertoire of HRXXN kinases and their sensor domains relates to the lifestyles of different Alphaproteobacteria.
Materials and Methods
Strains and Plasmids. Details on mutant strain and plasmid construction are given in SI Materials and Methods. Strains are listed in Table S2 , and primers are listed in Table S3 . A high-quality permanent draft of the S. melonis Fr1 genome is available from Integrated Microbial Genomes on the Department of Energy Joint Genome Institute website (img.jgi.doe.gov/cgi-bin/w/main.cgi), and locus tags of described genes within this study are listed in Table S4 . Escherichia coli TOP10 (Invitrogen) was used for cloning, and E. coli BL21(DE3) (Invitrogen) or Rosetta2(DE3) (Novagen) was used for protein expression. All S. melonis Fr1 strains are derivatives of the WT strain JVZ857 (49) and were routinely grown at 28°C in baffled flasks with shaking at 160 rpm in LBLennox medium, nutrient broth without NaCl (NB) (Fluka), or tryptone broth (TB) (Oxoid). When appropriate, antibiotics were used at the following concentrations: chloramphenicol (34 μg/mL), tetracycline (10 μg/mL), kanamycin (50 μg/mL), streptomycin (100 μg/mL), and carbenicillin (50 μg/mL).
β-Gal Assays and Stress Phenotypes. If not otherwise stated, strains were grown from a single colony overnight in LB-Lennox medium to exponential phase and β-gal activity was measured according to the method of Miller (50) . For overexpression experiments, β-gal activity was measured before and 2 h or 4 h after induction with 25 μM cumate as detailed in the figure legends. For the stress induction experiments shown in Fig. 5 , strains were grown in TB; precultures were grown during the day and used to inoculate 100 mL of main overnight culture at an OD 600 of 0.0004. The next day, cultures (OD 600 of 0.15-0.25) were split into five 15-mL samples and left untreated (control); stressed by the addition of NaCl (50 mM), TBHP (1.6 mM), or ethanol (1%); or shifted to 37°C (mild HS), and β-gal activity was measured after 1 h of incubation. RSA was calculated by subtracting the β-gal activity of the control from the β-gal activity of the stressed cultures, relative to the value of a WT strain, which was included in all experiments as a reference. All measurements represent the mean ± SD of at least three biological replicates. SDs for RSA were obtained by error propagation. Stress phenotypes presented in Fig. 1A and salt and HS phenotypes shown in Fig.  S1 A and B were performed as described previously (10) . Other stress phenotypes were performed in essentially the same way, but in TB medium instead of NB medium. Briefly, for TBHP and salt sensitivity assays, strains were grown in TB to exponential phase (OD 600 of 0.15-0.25), 10-fold serially diluted, and spotted on TB containing 240 μM TBHP or 325 mM NaCl. For severe HS phenotypes, exponentially growing cultures (OD 600 of 0.15-0.25) at 28°C were transferred to a water bath at 46°C and incubated with shaking, and aliquots were taken after 20 and 40 min, 10-fold serially diluted, and spotted on TB plates. Similarly, for mild HS phenotypes, cultures were transferred to 37°C and incubated for 2 h, after which cells were serially diluted and spotted on TB plates. Aliquots taken before temperature upshift served as controls. Plates were incubated at 28°C for 3-5 d.
Phosphotransfer Reactions. Protein expression and purification are described in SI Materials and Methods. Two hundred microliters of purified kinase (5 μM) in kinase buffer [10 mM Hepes-KOH (pH 8.0), 50 mM KCl, 10% (vol/vol) glycerol, 0.1 mM EDTA, 1 mM DTT] were equilibrated to room temperature for 30 min, and autophosphorylation was initiated by addition of MgCl 2 (5 mM final concentration) and 10 μCi [γ-32 P]ATP (5,000 Ci/mmol; Hartmann Analytic GmbH). After 5-10 min (for PakC and PakF) or 1 h (for the other kinases) of autophosphorylation, 15 μL of kinase solution was mixed with an equal volume of response regulator(s) (5 μM each) and/or NepR (7.5 μM) in kinase buffer containing 5 mM MgCl 2 , and the phosphotransfer reaction was allowed to proceed for 30 s before it was quenched by addition of 3× Lämmli buffer. For the control, the kinase was mixed with kinase buffer containing 5 mM MgCl 2 . Samples were then subjected to SDS/ PAGE [15% (wt/vol) acrylamide], the gel was dried, the dye front and unincorporated ATP were removed, the gel was exposed to a phosphorimager screen, and the screen was scanned using an FX Imager Pro Plus (Biorad).
